Analysis of the microbiota of raw cow's milk and semi-finished milk products yielded seven isolates assigned to the genus Pseudomonas that formed two individual groups in a phylogenetic analysis based on partial rpoD and 16S rRNA gene sequences. The two groups could be differentiated from each other and also from their closest relatives as well as from the type species Pseudomonas aeruginosa by phenotypic and chemotaxonomic characterization and average nucleotide identity (ANIb) values calculated from draft genome assemblies. ANIb values within the groups were higher than 97.3 %, whereas similarity values to the closest relatives were 85 % or less. The major cellular lipids of strains WS4917
T and WS4993 T were phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol; the major quinone was Q-9 in both strains, with small amounts of Q-8 in strain WS4917
T . The DNA G+C contents of strains WS4917
T and WS4993 T were 58.08 and 57.30 mol%, respectively.
Based on these data, strains WS4917 T , WS4995 (5DSM 291415LMG 28434), WS4999, WS5001 and WS5002 should be considered as representatives of a novel species of the genus Pseudomonas, for which the name Pseudomonas helleri sp. nov. is proposed. The genus Pseudomonas Migula 1894 is known for its metabolic diversity, and members have been isolated from various environments and sources including animals, plants, soil and water (Moore et al., 2006) . Some species are also known to be animal, human or plant pathogens (Kämpfer & Glaeser, 2012) . At the time of writing, the genus Pseudomonas encompasses about 150 species with validly published names (Euzéby, 1997; Parte, 2014) .
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Pseudomonas mucidolens IAM 12406 T (AB039546)
Pseudomonas proteolytica CIP 108464 T (FN554505)
Pseudomonas brenneri DSM 15294 T (FN554457)
Pseudomonas gessardii CIP 105469 T (FN554468)
Pseudomonas meridiana CIP 108465 T (FN554485)
Pseudomonas mandelii LMG 21607 T (FN554482)
Pseudomonas arsenicoxydans CECT 7543 T (HE800488)
Pseudomonas frederksbergensis DSM 13022 T (AM084335)
Pseudomonas lini CIP 107460 T (FN554486)
Pseudomonas migulae CCUG 43165 T (FN554486)
Pseudomonas batica a390 T (FN678357)
Pseudomonas moraviensis DSM 16007 T (FN554490)
Pseudomonas koreensis LMG 21318 T (FN554476) Several species of Pseudomonas have been reported to be involved in food spoilage (Arslan et al., 2011; Ercolini et al., 2007; Franzetti & Scarpellini, 2007; Tryfinopoulou et al., 2002) , and members of the genus are considered to be important milk spoilers due to their psychrotolerant nature and proteolytic activity (Hantsis-Zacharov & Halpern, 2007; Marchand et al., 2009b; Martins et al., 2006) .
In a study investigating the microbiota of raw milk for its composition and enzymic spoilage potential, 20 raw-milk samples and 20 samples of semi-finished milk products (data not shown) were analysed. Pseudomonas turned out to be the most prevalent and abundant genus, and a large number of potentially novel species of the genus Pseudomonas were detected. Seven isolates (WS4917 T , WS4995, WS4999, WS5001, WS5002, WS4993
T and WS4994) from seven different samples were assigned to the genus Pseudomonas but could not be identified to the species level. The phylogeny of the isolates was determined by 16S rRNA gene sequence and partial rpoD nucleotide sequence analysis, since the 16S rRNA gene cannot be used alone to discriminate related species of the genus Pseudomonas (Mulet et al., 2009 (Mulet et al., , 2010 . DNA extraction for PCR and PCR conditions have been described elsewhere . As a modification, the annealing temperature for partial rpoD nucleotide sequences was increased to 51 8C to avoid unspecific primer binding. Primers used for PCR were 16S_27f (59-AGAGTTTGATCCTGGCTCA-39) and 16S_1492r (59-CGGCTACCTTGTTACGAC-39), leading to almost-complete 16S rRNA gene sequences, and PsEG30F (59-ATYGAAATCGCCAARCG-39) and PsEG790R (59-CGG-TTGATKTCCTTGA-39), resulting in partial rpoD gene sequences of ,750 bp (Mulet et al., 2009) . Nucleotide sequencing was performed at LGC Genomics GmbH (Berlin, Germany) using primer PsEG30F for the partial rpoD gene and primers 16S_926r (59-CCGTCAATTCCTTT-GAGTTT-39) and 16S_519F (59-CAGCAGCCGCGGTA-ATAC-39) for the 16S rRNA gene. The rpoD gene sequences were analysed for similarity to nucleotide sequences of type strains using the BLASTN algorithm (Altschul et al., 1990) and the GenBank database (Benson et al., 2013) . 16S rRNA gene sequences were checked using the EzTaxon-e server (http://www.ezbiocloud.net/eztaxon; Kim et al., 2012 Phylogenetic analyses were carried out using the rpoD and 16S rRNA gene sequences of the seven novel strains with corresponding sequences of type strains (Euzéby, 1997; Parte, 2014) obtained from public databases. Alignments were performed by using the Muscle Alignment tool (Edgar, 2004) with default settings and were used for the calculation of maximum-likelihood phylogenetic trees based on the Tamura-Nei model. All methods used are embedded in the MEGA 5.2.2 software (Hall, 2013; Tamura et al., 2011) .
The nucleotide sequences of the isolated strains reported here formed two individual groups within the phylogenetic trees based on partial rpoD sequences ( Fig. 1 ) and almostcomplete 16S rRNA gene sequences (Fig. 2) (Skerman et al., 1980) , P. lini DSM 16768 T (Delorme et al., 2002) , P. lundensis DSM 6252
T (Molin et al., 1986) , P. psychrophila DSM 17535
T (Yumoto et al., 2001 ) and P. taetrolens DSM 21104
T (Skerman et al., 1980) as well as the type strain of the type species, Pseudomonas aeruginosa DSM 50071 T (Skerman et al., 1980) .
In addition to the single-gene sequence analysis, wholegenome sequencing was performed. Genomic DNA was isolated from all reference strains (except P. fragi DSM Pseudomonas weihenstephanensis WS4993 T (KP738720)
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T , as the genome of the strain P. fragi B25 T is already available under accession number AHZX00000000) and strains WS4917
T , WS4995, WS4993 T and WS4994 grown on tryptic soy agar (TSA; Roth) supplemented with 1 % glucose (referred to as TSG) for 24 h at 22 8C using the Qiagen QIAamp DNA Mini kit according to the manufacturer's instructions for bacteria from plate cultures. Sequencing of genomic DNA was performed using an Illumina MiSeq platform and the Illumina TruSeq DNA PCR-Free Sample Preparation kit. After quality control and filtering, sequence data were assembled using SPAdes. Draft genome assemblies were used for calculating the average nucleotide identity (ANI). ANIb was calculated on the basis of pairwise comparison of draft genome assemblies with the script ANI.pl (written by Jiapeng Chen, School of Energy and Environment, City University of Hong Kong) available at https://github.com/chjp/ANI that uses the algorithm described by Richter & Rosselló -Mó ra (2009 T and WS4994 to all reference strains were lower than 85 %, and the two species groups therefore represent two novel species distinct from their closest relatives. Genomes have been annotated by the NCBI Prokaryotic Genome Annotation Pipeline (Tatusova et al., 2014) . Genome size, DNA G+C content, number of genes and proteins listed in Table 2 were obtained from the annotation and assembly reports.
The DNA G+C contents of strains WS4917
T , WS4995, WS4993
T and WS4994 in the range 57-58 mol% are comparable to those of other species of the genus Pseudomonas (Moore et al., 2006) .
In addition, the phylogenetic relationships of the two novel species of the genus Pseudomonas to their closest relatives were determined by multilocus sequence analysis (MLSA). Following the widely used method of Mulet et al. (2010) , partial sequences of the 16S rRNA, gyrB, rpoD and rpoB genes were concatenated, aligned and used to calculate a neighbour-joining phylogenetic tree (Fig. S1 , available in the online Supplementary Material). The corresponding phylogenetic tree based on concatenated deduced partial amino acid sequences of GyrB, RpoD and RpoB is shown in Fig. S2 . The sequences of all four genes of each reference strain, except the 16S rRNA gene sequences of the type strains of P. fragi (strain IFO 3458 T ; GenBank accession no. AB021413) and P. lini (strain CFBP 5737 T ; AY035996), were retrieved from the T and the three other tested strains were positive.
Characteristic
DThree of the five tested strains (including WS4917 T ) grew at up to 31 8C; WS4995 and one other strain grew at up to 33 8C.
dObtained from the published genome sequence of P. fragi B25 T (accession no. AHZX01000000). §Numbers were taken from the master records of the whole-genome shotgun sequencing project unless indicated. ||Number of proteins obtained from the Genome Assembly and Annotation report is given (accession no. AHZX01000000).
sequences (p-distance) was calculated using MEGA 5.2.2 (Tamura et al., 2011) and is given as a percentage of sequence similarity in Table S1 . Intraspecies sequence similarity between the two strains of the two novel species was higher than 99.5 %, while the highest sequence similarity to the most closely related type strain was 96 % or less. Based on the benchmark of 97 % MLSA (16S rRNA, gyrB, rpoD and rpoB) sequence similarity proposed by Mulet et al. (2010) , strains WS4917
T and WS4995 and strains WS4993
T and WS4994 are members of two independent species of the genus Pseudomonas.
In order to document morphological features, cells were grown routinely on TSG at 25 8C for 24 h unless otherwise mentioned. Physiological characteristics were examined in two completely independent repetitions. Oxidase activity was determined using Bactident Oxidase strips (Merck) according to the manufacturer's instructions and the catalase reaction was tested with 3 % (v/v) H 2 O 2 . Determination of the Gram type was performed by using the nonstaining KOH method (Powers, 1995; Ryu, 1940) . Cell shape of strains WS4917
T and WS4993 T (Figs S3 and S4) and motility were observed using the bright-field of a fluorescence microscope (BX51; Olympus) in combination with the software package F-View Soft Imaging System (Olympus) after growth at 25 8C without shaking for 24 h in trypticase soy broth [TSB; containing (l 21 ) 17.0 g peptone from casein, 3.0 g peptone from soymeal, 2.5 g K 2 HPO 4 , 2.5 g glucose, 5.0 g NaCl, pH 7.3¡0.2]. Growth on cetrimide agar (Merck), R2A agar (Merck) and Columbia blood agar supplemented with 5 % sheep blood (Oxoid) was determined at 25 8C for 24 h. In order to test for b-galactosidase activity, 40 ml X-Gal solution (20 mg ml 21 ; Carl Roth) and 40 ml IPTG (100 mM; Applichem) were spread with a sterile spatula on LB agar plates. These plates were incubated for 24 h at 25 8C. Hydrolysis of starch was studied after 48 h at 25 8C by flooding the plates (l 21 : 3.0 g beef extract, 10.0 g soluble starch, 12.0 g agar, pH 7.5¡0.2) with Lugol's iodine for the visualization of possible clearing zones. Pyocyanin and fluorescein production were investigated using King agar A and B, respectively (King et al., 1954) . Growth under anaerobic conditions was evaluated on TSG using an anaerobic jar with the addition of Anaerocult A (Merck) as anaerobic catalyst as described by Rieser et al. (2013) . Hydrolysis of skimmed milk and tributyrin was tested at 6 and 30 8C as described previously . Tubes with 5 ml nutrient gelatin (l 21 : 3.0 g beef extract, 5.0 g peptone, 120.0 g gelatin) were used to screen for gelatin hydrolysis; tubes were incubated at 25 8C and analysed after 48 h and 14 days for turbidity and liquefaction (tilting the tubes after incubation at 8 8C for 30 min). Production of H 2 S and formation of indole were checked using semi-solid SIM medium (Merck) and Kovacs' reagent (Merck). Reduction of nitrate and nitrite was tested using reagents NIT 1 and NIT 2 supplied with the API 20NE strips (bioMérieux) and zinc. Cultures were grown at 25 8C for 24 h in tubes without shaking containing 5 ml TSB supplemented with 0.1 % (w/v) KNO 3 and 0.17 % (w/v) agar for semi-anaerobic conditions. Tests were performed in 1.5 ml reaction tubes after transfer of 1 ml culture.
Assimilation of different carbohydrates as single carbon and energy sources was assessed in microtitre plates. Carbohydrates were dissolved in water and filter-sterilized using twice the concentrations given in the API 50CH strips manual in mg per well per 100 ml. Bacterial strains were pre-grown overnight at 25 8C on TSG and one loop of cell material was suspended to an OD 600 of ,0.4 in double-strength suspension medium. The medium contained (l Tests were performed in 96-well microtitre plates; in each well, 100 ml suspended cells and 100 ml of the respective carbohydrate solution were combined aseptically. Plates were sealed with Breathe-Easy foil (Diversified Biotech) and incubated at 25 8C with shaking at 550 r.p.m. for 3 days. Turbidity of the medium as proof of assimilation was evaluated at day 3 and after 7 days of additional incubation at 25 8C without shaking. Growth under varying conditions was assessed in TSB. Growth was tested in the presence of 0-8 % (w/v) NaCl (at intervals of 1 %) and at pH 4-10 (at intervals of 0.5 pH unit) by supplementing TSB with appropriate buffer systems (pH 4-5.5, 0.1 M citric acid/0.1 M sodium citrate; pH 6-8, 0.1 M KH 2 PO 4 /0.1 M NaOH; pH 8.5-10, 0.1 M NaHCO 3 /0.1 M Na 2 CO 3 ) according to Xu et al. (2005) . After autoclaving, the pH of the medium was adjusted by the addition of 1 M NaOH or HCl before sterile filtration (pore size 0.22 mm) of the medium. Analyses were performed at 25 8C for 3 days by shaking at medium intensity in the Bioscreen C instrument and measuring the OD 600 every 20 min. Each well contained 200 ml of the selected medium and was inoculated at a dilution of 1 : 1000 with an overnight culture of cells grown in unmodified TSB at 25 8C for 24 h. Periphery pH and NaCl growth conditions obtained during the Bioscreen approach were also studied in 5 ml tubes at 25 8C for 1 week. Growth at 4-42 8C was tested in tubes containing 7 ml TSB with shaking at 130 r.p.m. for 8 days. All strains were precultured overnight at room temperature (22 8C) on TSG before suspending one loop of cells in 1 ml TSB as inoculation culture. The 7 ml test tubes were inoculated with 10 ml of the inoculation culture. The optimal growth temperature was tested using the Bioscreen C instrument and TSB under the same conditions as used for testing growth at different NaCl concentrations and pH. The range for optimal growth was determined by the length of the lag phase until the cultures achieved an increase in OD 600 of 0.2.
The growth characteristics of the novel strains resembled those observed for the reference strains. All strains were psychrotolerant and grew at 4 8C, which is a common feature for species of Pseudomonas. The maximum growth temperature was also similar for most strains, with the exception of P. aeruginosa DSM 50071 T , which grew at up to 42 8C. Also, the NaCl concentrations and pH tolerance were comparable for all strains, with the exception of P. lini DSM 16768 T , which tolerated only 3 % NaCl. More differences were observed in the assimilation of carbohydrates and other physiological properties. The strains of the novel species could be differentiated from the most closely related type strains by at least four traits. The differential phenotypic characteristics are listed in Table 2 .
During the survey to determine phenotypic characteristics of the novel strains, it was observed that not all strains of the same species displayed the same characteristics in all tests. Production of yellow to reddish extracellular pigments on nearly all assimilated carbon sources was observed for one (WS5001) of the five tested isolates of species group 1. In addition, colonies of WS5001 growing on plate count agar supplemented with 1 % skimmed milk powder for more than 5 days at room temperature (22 8C) revealed a quite hard, shrivelled and wrinkled surface, while the other four strains displayed a smooth colony surface. The maximum growth temperature for the isolates of species group 1 was also variable; three isolates (WS4917 T , WS4999 and WS5001) grew at up to 31 8C, while the other isolates (WS4995 and WS5002) grew at up to 33 8C. In addition, strains WS4917 T , WS4999, WS 5001 and WS5002 were positive for the assimilation of D-arabitol, D-mannitol and trehalose, while strain WS4995 showed negative results. The phenotypic data for the reference strains used are also not fully congruent with data obtained in other studies (Carrió n et al., 2011; Ramírez-Bahena et al., 2015) . For example, the ability to produce a diffusible fluorescent pigment during growth on King B agar, for which P. endophytica LMG 28456 T , P. fragi DSM 3456 T , P. lundensis DSM 6252 T and P. psychrophila DSM 17535 T tested negative during our survey, were reported as positive in the study of Ramírez-Bahena et al. (2015) . However, P. psychrophila DSM 17535
T was reported as negative previously by Carrió n et al. (2011) . Another example of a discrepancy is the assimilation of gentiobiose by P. deceptionensis DSM 26521 T , P. psychrophila DSM 17535 T , P. taetrolens DSM 21104 T and P. fragi DSM 3456 T , which was negative in our study but was reported as positive in the study of Carrió n et al. (2011). These differences can probably be attributed to different test conditions, particularly for the assimilation of carbohydrates. As the API 50 CHB/E medium used in many studies contains yeast extract and tryptone, this might have supported growth on substrates that test negative when a minimal medium is used, as in this study. Nevertheless, the use of the same test conditions for all strains ensures the high comparability of results in this study and allows an analysis of differentiating features.
One focus of the project, given where the novel strains were isolated, was their proteolytic activity in milk; this activity was therefore tested for all isolates as well as for all reference strains using skimmed milk agar. All strains tested negative at an incubation temperature of 4 8C. However, strain WS4993
T was also analysed in liquid ESL milk medium [10 % (v/v) T was purified and identified by mass spectrometry as the well-known AprA metallopeptidase common for members of the genus Pseudomonas (Koka & Weimer, 2000; McCarthy et al., 2004) . Analyses of the genome sequences obtained in this study showed that all strains except those of species group 1 and its closest relative P. endophytica BSTT44 T , as well as P. psychrophila DSM 17535
T and P. taetrolens DSM 21104 T , contain the apr operon. Peptidase production has been shown before for P. lundensis and P. fragi Marchand et al., 2009a) as well as P. aeruginosa . It is therefore likely that all species containing the operon are able to produce this metallopeptidase and to degrade milk proteins.
Fatty acid analyses were carried out for all reference strains and the proposed type strains WS4917 T and WS4993 T by the Identification Service of the DSMZ (Braunschweig, Germany) by modifying the methods of Miller (1982) and Kuykendall et al. (1988) . Complete fatty acid profiles for the two proposed type strains and reference strains are listed in Table S2 . The predominant fatty acids of WS4917 T were C 16 : 0 (32.4 %), summed feature C 16 : 1 v7c/iso-C 15 : 0 2-OH (21.1 %), C 17 : 0 cyclo (17.0 %), C 18 : 1 v7c (7.4 %) and C 19 : 0 cyclo v8c (4.2 %). Those of WS4993
T were summed feature C 16 : 1 v7c/iso-C 15 : 0 2-OH (37.3 %), C 16 : 0 (30.9 %) and C 18 : 1 v7c (12.2 %). These results are in agreement with those obtained for other species of the genus Pseudomonas (Moore et al., 2006) . Comparing the profiles of the reference strains with profiles determined in other publications (Carrió n et al., 2011; Ramírez-Bahena et al., 2015) reveals some differences. In particular, the amounts of C 17 : 0 cyclo varied between this study and the data obtained by Ramírez-Bahena et al. (2015) . Carrió n et al. (2011), however, obtained similar values to ours for C 17 : 0 cyclo. However, as the fatty acid composition of cells is greatly influenced by cultivation and test conditions, discrepancies between different studies are likely to occur.
Analysis of respiratory quinones and polar lipids (see Figs S5 and S6) was carried out by the Identification Service of the DSMZ. Biomass for these analyses was produced by growing strains WS4917 T and WS4993 T at 25 8C for 24 h in TSB. Subsequently, the cultures were centrifuged and washed with sterile Ringer's solution (1/4-strength) before freeze drying. Extraction and analysis were carried out as described elsewhere (Bligh & Dyer, 1959; Tindall, 1990a, b; Tindall et al., 2007) . The major polar lipids of
WS4917
T and WS4993 T were phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol, and the major respiratory quinone was Q-9 for both strains. These results are consistent with previously published data for species of the genus Pseudomonas (Moore et al., 2006) . In addition, small amounts of respiratory quinone Q-8 were found in strain WS4917
T .
Based on the genetic, phylogenetic, chemotaxonomic, physiological and biochemical data presented here, it is clear that the two groups of strains represent two novel species of the genus Pseudomonas, for which the names Pseudomonas helleri sp. No b-galactosidase activity can be detected and no pyocyanin is formed on King A agar. Shows weak lipolysis on tributyrin agar at 25 uC after 10 days, but is negative for proteolysis using skimmed milk agar at both 25 and 4 uC.
Haemolysis cannot be detected. Negative for hydrolysis of starch and gelatin. H 2 S is not produced. Negative for indole formation and for the reduction of nitrate and nitrite. No growth is observed under anaerobic conditions. The predominant fatty acids of the type strain are C 16 : 0 , summed feature C 16 : 1 v7c/iso-C 15 : 0 2-OH, C 17 : 0 cyclo, C 18 : 1 v7c and C 19 : 0 cyclo v8c, the polar lipids are phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol and the major respiratory quinone is Q-9, with small amounts of Q-8.
The type strain is WS4917 T (5DSM 29165 T 5LMG 28433 T ), isolated from raw cow's milk. The DNA G+C content of the type strain is 58.1 mol% and the genome size is 5.67 Mb. Three additional strains of the species, WS4995 (5DSM 291415LMG 28434), WS4999 and WS5002, were isolated from three different samples of raw cow's milk. One additional strain (WS5001) was isolated from an industrial semi-finished product (skimmed milk concentrate).
Description of Pseudomonas weihenstephanensis sp. nov.
Pseudomonas weihenstephanensis (wei.hen.ste.pha.nen9sis. N.L. fem. adj. weihenstephanensis pertaining to Freising/ Weihenstephan in southern Germany, where the type strain was isolated).
Beige, smooth and round colonies, 0.5-1.0 mm in diameter, are formed after incubation at 25 uC for 24 h on TSG. Cells are rod-shaped (*2.1 mm long and *0.75 mm wide), non-spore-forming, fluorescent on King B agar, motile, catalase-and oxidase-positive and Gram-negative. Grows at 4-33 uC (growth at temperatures lower than 4 uC has not been tested); optimal growth temperature is between 23 and 27 uC. No b-galactosidase activity is detected. Shows weak lipolysis on tributyrin agar at 25 uC after 10 days, but is negative for proteolysis using skimmed milk agar at both 25 and 4 uC. Highly proteolytic in liquid 10 % milk medium at 6 uC. Haemolysis cannot be detected. Negative for hydrolysis of starch and gelatin. H 2 S is not produced. Negative for indole formation and for the reduction of nitrate and nitrite. No growth is observed under anaerobic conditions. The predominant fatty acids of the type strain are summed feature C 16 : 1 v7c/iso-C 15 : 0 2-OH, C 16 : 0 and C 18 : 1 v7c, the polar lipids are phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol and the respiratory quinone is Q-9.
The type strain is WS4993 T (5DSM 29166 T 5LMG 28437 T ), isolated from raw cow's milk. The DNA G+C content of the type strain is 57.3 mol% and the genome size is 4.79 Mb. WS4994 (5DSM 291405LMG 28438), an additional strain of the species, was isolated from another raw cow's milk sample.
